We have studied, at high resolution, the sizes and pattern of dendrites of directionally selective retinal ganglion cells in the rabbit. The dendrites had a distinctive pattern of branching. The major dendritic trunks were relatively thick, beginning at ϳ1 m and tapering to ϳ0.5 m in diameter. Higher order dendrites exiting from them generally stepped abruptly to a diameter of 0.4-0.6 m, which they maintained throughout their length. Recording confirmed the existence of a zone within the receptive field, usually occupying 20-25% of its area, where direction of movement was only weakly discriminated. The dendritic arbors of cells, injected with Lucifer yellow after recording, revealed no difference in dendritic structure between the discriminating and nondiscriminating zones. The nondiscriminating zone was located on the preferred side of the receptive field (the side from which movement in the preferred direction originates). This is consistent with a mechanism of direction selectivity based on inhibition generated by movement in the null direction but not with feedforward excitation, as occurs in flies and is postulated in some models of mammalian direction selectivity.
In their original descriptions of directionally selective retinal ganglion cells, Barlow and Levick (1965) reported that the receptive fields of these cells contain an area in which local movements in any direction generate a similar electrophysiological response, a nondiscriminating zone within an otherwise directionally selective receptive field. Here we report a detailed study of the nondiscriminating zone and its underlying dendritic arbor. We recorded from directionally selective (DS) cells in rabbit retinas and carefully mapped the nondiscriminating zone. We asked, first, whether there are features within the dendritic arbors of the cells that distinguish the discriminating from nondiscriminating zones, as possible clues to the directional mechanism. This should be a sensitive way to detect such specializations, if they exist, because the comparison is made within the arbor of a single ganglion cell.
A second reason to reexamine the nondiscriminating zone was that it has implications for the mechanism of direction selectivity. There are two general classes of possible models, one using feedforward inhibition generated by stimulus movement in the null direction and an alternative using feedforward excitation generated by stimuli moving in the preferred direction. The former is used in the classic formulation of Barlow and Levick (1965) and several subsequent ones (Wyatt and Daw, 1975; Torre and Poggio, 1978; Ariel and Daw, 1982b) . The latter was used in the first models of direction selectivity in flies and in a recent model of the mammalian cell (Reichardt, 1961; Franceschini et al., 1989; Borst and Egelhaaf, 1989, 1995; Borg-Graham and Grzywacz, 1992; Amthor and Grzy wacz, 1993; Douglass and Strausfeld, 1995) . As will be discussed later, the location of the nondiscriminating zone appears to distinguish between the two.
As a prelude to these experiments, we made a detailed, quantitative examination of the microstructure of the dendritic arbor of the DS cells. Many descriptions of the overall dendritic pattern of the cells have been published (Amthor et al., 1984; Famiglietti, 1992; Oyster et al., 1993; Yang and Masland, 1994; Vaney, 1994) , including a preliminary measurement of the major initial taper of the dendrites (Yang and Masland, 1994) , but none that attempt quantitatively realistic measurements. Because these may be critical for the ultimate biophysical understanding of the cells, we present them here. To measure the thickness of dendrites is not a trivial problem, because of unknowable distortions during tissue processing and because these thin structures challenge the resolution of light microscopy. We therefore made the measurements in living tissue and used internal optical standards as a control for optical errors.
MATERIALS AND METHODS
The general methods for isolating and maintaining rabbit retinas, recording from them, studying receptive fields, and injecting the cells have all been described in previous papers and will be briefly summarized here (Yang and Masland, 1994; Peters and Masland, 1996) . Analysis of the dendrites by confocal microscopy will be described in more detail.
New Z ealand white rabbits of either sex, weighing 2-4 kg were anesthetized by intramuscular injection of ketamine (50 mg / kg) and xylazine (10 mg / kg). The ganglion cells were labeled either by injecting 10 l fast blue (2%) into the optic nerve or 10 l of 4,6 diamidino-2-phenylindole (5 g) intraocularly. Topical anesthetic (proparacaine hydrochloride 0.5% ophthalmic solution) was applied in the operated area, and the animal was allowed to recover. Three to four days later, the animal was enucleated under deep anesthesia using urethane (25%; 2 gm / kg, i.p.) and ketamine (50 mg / kg). The animal was then euthanized with an intravenous overdose of urethane or ketamine, in accordance with institutional procedures. The enucleated eye was hemisected and everted over a Teflon post. The retina was caref ully peeled off the pigment epithelium. A small piece of retina was cut off and placed on a piece of filter paper. A loose plastic mesh weighted by a platinum ring was then placed on top of the retina. The preparation was moved to a chamber attached to a microscope stage and superf used at 37°C with Ames' medium saturated with 95% O 2 and 5% C O 2 .
Stimuli were generated on a display monitor (Tektronix 602) by a computer program that allowed generation of stationary or moving spots or rectangles or various stationary or drifting gratings. It was reflected upward by a mirror positioned beneath the microscope. A microscope objective (Olympus Optical, Tokyo, Japan; 20ϫ; NA, 0.4) replaced the condenser and focused the stimulus on the retina.
Retinal ganglion cells labeled with fluorescent tracer were visualized under brief fluorescence illumination (365 nm excitation), and the ON-OFF DS cells were targeted with the aid of soma features previously described (Yang and Masland, 1994; He and Masland, 1997) . The activity of single ganglion cells was recorded with tungsten-in-glass electrodes (Levick, 1972) , and amplified, displayed, and stored by conventional techniques. The boundaries of the receptive field and its directional responses were recorded on a Mylar overlay placed on the face of a slave monitor. After recording was completed, the extracellular electrode was removed, and the cell was injected with L ucifer yellow, again using the labeled soma as a guide. Landmarks were projected onto the image of the injected cell from the stimulating monitor, to ensure alignment of the physiological receptive field with the injected cell. The injected cell and the landmarks were photographed in situ. Confocal microscopy of the dendrites. A satisfactory injection was characterized by abrupt termination of the dendrites at their ends, without large, beaded swellings along them. After a cell had been injected, the retina was placed on a microscope slide prepared with 50 m plastic supports placed on each end. A standard coverslip was placed on the supports, so that the coverslip bridged the retina with minimal pressure, and a volume of Ames' medium remained as a metabolic reservoir. The retina was immersed in Ames' medium, the edges of the coverslip were sealed with nail polish, and the preparation was allowed to cool to room temperature (ϳ24°C).
All measurements were made using a Leica (Nussloch, Germany) confocal microscope. At low power (Leica PL Fluotar; 16ϫ; NA, 0.50) an image of whole dendritic tree was taken. Using a 100ϫ objective and a zoom factor of 4, high-magnification images were then acquired at several locations along a dendritic path from the soma to the periphery (Leica PL Apo; 100ϫ, NA, 1.40). At the end of every high-power image, a low-power image was taken to ensure that the overall dendritic morphology did not undergo any observable change or distortion.
The procedure for measuring the diameters of the dendrites was as follows. In every high-magnification image in which measurements were to be made, a line was drawn in an area containing no dendrites. The averaged pixel intensity of this line was taken as the background level. A line was drawn perpendicularly across the dendrite at the point of interest, generating a histogram of pixel intensity along the line. With a threshold at 5ϫ background, the diameter of the dendrite was measured in pixels and then converted to micrometers.
Because the preparations were unfixed, and the microscopy could take 2-3 hr, it was important to ensure that the morphology of the cell did not change over the period of measurement. For two injected cells, images of selected regions of the dendritic arbor were taken repeatedly at intervals of 30 min. The conditions of preparing and measuring the specimen were kept identical to the other experiments. To evaluate the bleaching caused by the laser beam in repeated measurements, two other injected cells were coverslipped in 0.1 M phosphate buffer and Vectashield (H-100; Vector Laboratories, Burlingame, CA), respectively, after fixation (4% formaldehyde in 0.1 M phosphate buffer). Images of preselected areas were taken repeatedly. Results of this series of experiments are shown in Figure 1 .
As an optical control, fluorescent microspheres of known sizes (0.2, 0.5, 1.0, and 2.0 m; Molecular Probes L -5473) were embedded in 4% agar in 0.1 M phosphate buffer and sectioned in a vibratome at 50 m. Fluorescent beads appeared throughout the thickness of the section. The population of beads was through-focused at a z interval of 0.05 m, using the same objective as for high-power viewing of the dendrites. The widest apparent diameter of each bead was measured.
RESULTS

The size and pattern of the distal dendrites
We injected directionally selective retinal ganglion cells with Lucifer yellow in vitro, after which dendrites were measured from images generated on a confocal microscope. The retinas were studied unfixed; we counted on the strongly protective effects of cooling to room temperature to prevent degradation of the tissue Ames et al., , 1995 . To check this assumption, we imaged selected proximal dendrites at a series of times, ranging from immediately after injection to several hours later, the time required to collect confocal images at many points within the dendritic arbor. Figure 1 A shows the results obtained when the same dendrites were imaged once every 30 min for 3.5 hr. The points show the average diameter measured for three different dendrites. Similar results were obtained from observations made on another cell (data not shown). There was a fall in apparent diameter over the course of the experiment. However, it appears that this was almost entirely because of the bleaching caused when the same point on the dendrite was repeatedly imaged: a virtually identical decrease was observed when dendrites of a fixed cell were studied. In confirmation, mounting a cell in an anti-fading compound (Vectashield; Vector Laboratories) entirely prevented the apparent fall in diameter. For the actual measurement, a point on a dendrite was imaged only once and should not be subject to For both fixed and unfixed tissue, there was a fall in the apparent diameter of the dendrites with time. However, the effect of mounting the tissue in an anti-fading compound shows that this is caused almost entirely by fading. For the actual measurements, a point in the dendritic arbor was imaged only once, so fading is not a major issue. B, Measured sizes of agar-embedded polystyrene beads as a function of depth within the agar substrate. Their nominal diameter was 1 m. There was some scatter in the measured sizes of the beads, but no significant variation with optical depth. substantial bleaching. We conclude that the dendrites were stable during the time required for measurement (this conclusion was also supported by comparing low-power images of the whole arbor taken at the beginning and end of the experiment).
A second issue was the possibility of optical blurring of the dendrites. To evaluate blurring, we imaged polystyrene beads of known diameter. Such beads are guaranteed by the manufacturer only to have a certain mean diameter; there is some variation of the actual size of individual beads. It was therefore necessary to measure an adequate sample of beads. More importantly, we wanted to know if the optical behavior of the system changed as a function of depth within the mounting medium, because the dendrites of the retinal ganglion cells are located ϳ25 m below the surface of the tissue. We therefore mounted suspensions of beads in 4% agar in 0.1 M phosphate buffer, an aqueous medium optically similar to that in which the retinas were mounted, and measured the apparent diameters of the beads (Fig. 1 B) .
The apparent diameters of the beads varied little with depth. They were distributed around a value of 0.96 m, indicated by the internal scale of the confocal microscope. Whether the slight difference was caused by inaccuracies of the internal calibration of the instrument, to the threshold used for our measurement, or to inaccuracy in the actual size of the beads, is uncertain; the second is the more likely because of its somewhat arbitrary nature. Because the difference is small, no correction for it was made. Images of these beads (and beads of several other sizes) are shown in Figure 2 , inset F.
Two well filled cells were chosen for detailed study. One of the filled cells is shown in Figure 2 , recorded by confocal microscopy with no f urther electronic processing. For each of the two cells, the diameters of the dendrites were measured at a series of positions. Figure 3 shows the dendritic diameter as a f unction of branch order. The zero order dendrites are those that directly exit the soma and average 0.72 m in diameter; the ninth order average 0.60 m. At points distal to the second order, the average diameter of the dendritic arbor was essentially constant at ϳ0.55 m. The primary dendrites were clearly larger than later ones, but there was considerable variability at all subsequent orders when the dendrites were viewed in this way.
Much of the variability occurs because the dendrites do not decrease in size in a rigidly progressive way with successive branchings. As is readily seen in Figure 2 , dendrites as thin as 0.45 m can exit directly from the largest (0.95 m) primary stalks. This represents a direct transition from the thickest processes found any where in the arbor to the thinnest. On the other hand, the thin dendrites themselves can branch with little or no decrease in diameter subsequent to the branch point. In sum, the existence of a branching point is a poor predictor of the relationship between the diameters of the processes before and after branching. Figure 4 illustrates these transitions diagrammatically for part of the cell shown in Figure 2 .
The dendritic arbor in the nondiscriminating zone As has been repeatedly described, the preferred and null directions were oriented 180°apart. Movement in the preferred direction gave strong responses, movement in the null direction weak responses, and this difference was maintained for a variety of light or dark spots or edges. When tested with stationary stimuli, the cells responded at light on and at off. When a flashing stimulus was tested at various positions along the preferred-null axis, there was no consistent difference in response between different portions of the receptive field.
To moving stimuli, however, there was an asymmetry. On the preferred side of the receptive field, there was a zone in which the direction of movement was poorly discriminated. This zone could be quite large, covering as much as 25% of the receptive field determined by flashing spots (Barlow and Levick, 1965; He, 1994) . This was tested by placing a 100 ϫ 200 m aperture in one of three zones of the receptive field (Fig. 5) . The response histograms in Figure 5 show separately the response to the leading edge and the trailing edge. In the nondiscriminating zone (located on the preferred side), the difference between movement in the preferred and null directions was notably less than elsewhere. After recording was completed, the cells were injected with Lucifer yellow. Figure 5 shows the dendritic arbor of one of them, with the tested zones (the positions of the test aperture) superimposed.
We could discern no difference between the dendritic arbor in the discriminating and nondiscriminating zones for any cell studied in this way. The combined recording and injection was repeated for 15 cells with the same result, summarized in Figure 6 . Although some cells tested with these fairly large stimuli showed only a diminution of direction selectivity, the nondiscriminating zone was always located on the preferred side of the receptive field.
With the size and location of the nondiscriminating zone established, it becomes possible to search previously published arbors for signs of specialization in the nondiscriminating zone (it should extend inward from the preferred edge of the arbor.) In previous studies, the dendritic arbors of 23 ON-OFF DS cells have been published together with the preferred directions of the cells Masland, 1992, 1994; Oyster et al., 1993; He and Masland, 1997) . At the level of light microscopic structure, no sign of specialization is evident (the same is true for a series of 55 unpublished arbors of cells injected after recording in connection with one of our previous studies; He and Masland, 1997 .)
DISCUSSION
The pattern of dendritic branching: thin dendrites from thick
As has been previously noted, dendrites of the ON-OFF directionally selective cells cover the dendritic field evenly: thin dendrites recurve to fill the spaces created as the major dendrites diverge (Oyster et al., 1993; Yang and Masland, 1994) . This contrasts with the pattern observed for ␣ and ␤ cells of the cat; indeed to the patterns of most projection neurons. As was pointed out by Kier et al. (1995) , this is probably a cause of the relatively flat distribution of sensitivity of the cells to test spots flashed at different locations across the receptive field. It differs from that of most rabbit ganglion cells (De Vries and Baylor, 1997) and from the situation for ␣ and ␤ cells in the cat, in which the absolute length of dendrite per unit area and the sensitivity to visual stimulation decline more smoothly with distance from the soma.
A distinctive feature of the dendritic arbor is that the thin dendrites, which make up most of the total, exit from primary dendrites with an abrupt downward step in diameter but retain that diameter to their ends; if they have any taper at all, it is slight. This contrasts with the structure of other retinal ganglion cells and most other projection neurons; the cells flagrantly disregard the 3/2 rule (Rall, 1977) . The final meaning of this geometry cannot be deduced without knowledge of the receptors and ion channels of the dendrites and their locations. On electrotonic grounds, it would create relatively high input impedances along the thin dendrites and lower ones along the thick. Current propagating inward along a thin dendrite will encounter a sink at the point where the dendrite enters the thick one. Because this geometry is distinctively different from that of many other projection neurons, the possibility exists that it is related to the mechanism of direction selectivity; in any event, it will need to be incorporated into its eventual biophysical understanding.
Dendritic structure in the discriminating and nondiscriminating zones
We found no difference between the geometry of the dendritic arbor of the DS cell in the region of the arbor in which direction discrimination occurs and that where it does not. In effect, the experiment is internally controlled because the comparison is made within a single cell. Although some as-yet-unimagined ordering within the dendrites remains possible, this experiment and the many others examining the question in less sensitive ways all indicate that the mechanism of direction selectivity must be sought in the circuitry afferent to the DS ganglion cell itself: that the laterally displaced signal that must exist is not created by a geometric specialization of the ganglion cell.
Structural plasticity in the DS cell?
An intriguing aspect of the structure of the DS cells is revealed by comparing the cells injected by us (Fig. 2) and previously by Oyster et al. (1993; their Fig. 4 ) with those injected by Vaney (1994) . The difference is that our DS cells often bear many spine-like structures, whereas the cells shown by Vaney (1994) have virtually none, despite overall filling robust enough to vividly reveal cells coupled to the injected cell by gap junctions (Vaney, 1994, his Figs. 3, 6, 7, 9, and 11) . It is unlikely that DS cells have spines in American rabbits but not in Australian. A notable experimental difference is that our cells and those of Oyster et al. (1993) were injected after a long period of physiological stimulation during recording, whereas those of Vaney (1994) were from preparations maintained throughout the experiment in constant bright light. The spine-like structures may undergo physiological plasticity, as has been demonstrated in hippocampal and thalamic neurons (Hosokawa et al., 1995; Rocha and Sur, 1995; Fischer et al., 1998) and axon terminals of goldfish bipolar cells (Yazulla and Studholme, 1992) . Movements of spine-like structures on the dendrites of living retinal ganglion cells have recently been directly visualized (Wong et al., 1998) .
The mechanistic significance of the nondiscriminating zone
As noted earlier, the existence of the nondiscriminating zone was reported in the classic description of retinal direction selectivity (Barlow and Levick, 1965 ). Here we confirm it using modern methods and direct visualization of the dendritic arbor. What are the implications of the nondiscriminating zone?
The most important is that the location of the nondiscriminating zone reaffirms models in which the fundamental event in the directional discrimination is a laterally displaced inhibition (Barlow and Levick, 1965; Wyatt and Daw, 1975) . Because this is different from the apparent mechanism of direction selectivity in flies (for review, see Borst and Egelhaaf, 1989; Franceschini et al., 1989) and from a recently proposed model of direction selectivity in mammalian retinal ganglion cells (Borg-Graham and Grzywacz, 1992; Amthor and Grzywacz, 1993) , the question merits re-examination.
The two types of model are shown, in generic form, in Figure  7 . At the top is shown a model based on feedforward inhibition, at the bottom a model based on feedforward excitation. Both illustrations are generic in the sense that specific neurons (bipolar or amacrine) are not identified, nor is the cellular site (presynaptic or postsynaptic) of the directional decision given. The primary goal is only to capture the geometric specialization required by the models. As for all models of direction selectivity, the direct inputs and the laterally displaced inputs must be at least additive. They are most likely multiplicative, as shown long ago by Reichardt (1961) and by Torre and Poggio (1978) .
The nondiscriminating zone presumably occurs because the laterally directed process "falls off" the dendritic field of the Figure 3 . Diameter of the dendrites as a f unction of branching order. The variability occurs because the dendrites do not decrease in diameter in a progressive way as a f unction of branch order. Instead, the distal dendrites achieve a relatively constant diameter as soon as they have left a primary or secondary one, and do not thin much thereafter. Figure 2 , showing the diameters of dendrites at selected points (in Fig. 2 , this is the arbor that includes insets A-C.) Figure 5 . Responses to movement in the nondiscriminating zone of a directionally selective retinal ganglion cell. The responses of the cell to edges moving behind an aperture were tested. The aperture was located in one of these zones, on the null side, the preferred side, or the center of the receptive field. The stimulus was a light rectangle 500 ϫ 500 m moving at 200 m/sec behind a 100 ϫ 200 m aperture. ON responses refer to the leading edge of the moving stimulus, OFF responses to the trailing edge. The moving edges were aligned parallel to the longer axis of the aperture. The zones illustrated in the micrograph are 100-m-wide but extend f urther vertically than the aperture tested, to allow better visualization of dendritic detail in the three tested zones. After recording had been completed, the cell was injected with L ucifer yellow. When the aperture was positioned on the preferred side of the receptive field, the difference in response between preferred and null directions was much less than elsewhere in the receptive field. Histograms show mean responses for 10 trials. ganglion cell on one side or the other. If there is laterally directed conduction of excitation or inhibition (as all models require), there must be a region at the edge of the receptive field where lateral conduction carries the signal beyond the edge of the dendritic arbor of the ganglion cell. In this region, the ganglion cell will be unable to discriminate the direction of motion, because the laterally directed signal does not impinge on the ganglion cell. For our initial argument, it does not matter how finely the laterally directed process tiles the retina; this will affect the size of the nondiscriminating zone, as discussed below, but cannot prevent the nondiscriminating zone from existing. Feedforward excitation and feedforward inhibition make different predictions about the location of the nondiscriminating zone (Fig. 7) . If the laterally conducted event is excitatory, the nondiscriminating zone is located on the null side of the receptive field. If inhibitory, it is located on the preferred side, as is actually observed.
The original model of the directional mechanism in flies was excitatory and thus would place the nondiscriminating zone on the null side. It is not clear that measurements precise enough to reveal a nondiscriminating zone have been made in flies, where the local subunit is small relative to the whole "receptive field". Well established current models are push-pull, with both excitation and inhibition operating, and in this case there would be no true nondiscriminating zone (Borst and Egelhaaf, 1989; Franceschini et al., 1989; Douglass and Strausfeld, 1995) . The present results thus suggest that the mechanism of direction selectivity is different in flies and mammalian retinas (push-pull models do predict that the directional discrimination will be stronger in the middle of the visual field than at its extreme edges, because only half of the push-pull mechanism should operate at the null-side edge or the preferred-side edge).
An early starburst-based model of the mammalian cell was excitatory: starburst cells by their release of acetylcholine were supposed to cause feedforward excitation of the retinal ganglion cell when the stimulus moves in the preferred direction (BorgGraham and Grzywacz, 1992; Grzywacz and Amthor, 1993) . Previous evidence against this is that (1) under ordinary stimulus conditions, cholinergic antagonists do not prevent direction se- Inhibitory and excitatory models of direction selectivity predict different locations for the nondiscriminating zone. The drawings show a generic "local subunit" that works by feedforward inhibition and one that works by feedforward excitation. In both cases, the interaction of the local and displaced inputs would presumably be multiplicative, a requirement demonstrated previously (Reichardt, 1961; Torre and Poggio, 1978) . In contrast to the finding reported here, feedforward excitation predicts that the nondiscriminating zone would be located on the null side of the receptive field of the ganglion cell.
lectivity (Masland and Ames, 1976; Ariel and Daw, 1982a,b; Kittila and Massey, 1997; He and Masland, 1997) , and (2) laser ablation of the starburst cells does not prevent direction selectivity (He and Masland, 1997 ). Here we add that the nondiscriminating zone is on the opposite side of the receptive field from the one predicted by a mechanism based on feedforward excitation.
A recent revision of the starburst model postulates a push-pull mechanism, with starburst excitation in the preferred direction and GABA-mediated inhibition in the null direction (Grzywacz et al., 1997 (Grzywacz et al., , 1998 . However, this model, like the fly model discussed above, predicts that no nondiscriminating zone should exist on either side.
In sum, our results support the earlier conclusion that direction selectivity in retinal ganglion cells is caused primarily by feedforward inhibition generated by stimuli moving in the null direction. A feature that remains unexplained is the size of the nondiscriminating zone, which can occupy 25% of the receptive field (Barlow and Levick, 1965; He, 1994) . If the nondiscriminating zone is caused by the events shown in Figure 7 , then the distance traversed by the laterally conducting process must be fairly large, large enough to account for 20 -25% of the receptive field. However, the local subunit is reported to be smaller than that. Initial descriptions indicated that a medium-sized directionally selective ganglion cell could discriminate movements of 50 -100 m across its receptive field (Barlow and Levick, 1965; Wyatt and Daw, 1975) , and a more recent report suggests even finer discriminations (Grzy wacz et al., 1995) . If the size of the local subunit is determined by the lateral distance across which inhibition is conducted, and if this distance also defines the width of the nondiscriminating zone, there is an apparent conflict: the nondiscriminating zone appears to be too large. However, measurements of the size of the nondiscriminating zone and of the least discriminable traverse have used widely varying stimulus paradigms and differing criteria for a directional response. The question should perhaps be reexamined more systematically.
